The fine structure and function of the excretory system and associated veins of the muricid Nucella lapillus have been studied and compared with those of the buccinid Buccinum undatum. It is argued that in both species the nephridial gland vein is a functional unit with the auricle as it is in Littorina, and that its sinuses provide a compensation sac for blood displaced from the mantle skirt on retraction of the snail into the mantle cavity. This may be typical of marine caenogastropods. The epithelium lining the tubules of the gland recaptures organic solutes from the urine at the start of the systemic circulation, and phagocytes in its sinuses (the blood gland) abstract macromolecules and toxins from the blood. The development of two different types of folds on the dorsal wall of the kidney in neogastropods and other carnivorous neotaenioglossans is correlated with adaptations of the foregut to diet and with feeding mechanisms in which a retractile proboscis is accommodated in the cephalic haemocoel. It does not necessarily reflect phylogenetic relationship. On the basis of the observations reported here it is concluded that the dorsal afferent renal vein and secondary folds of the kidney act primarily as a compensation sac for blood displaced from the cephalopedal haemocoel during retraction of the proboscis, or when the snail withdraws into its shell. Aggregates of haemocyanin form in these blood spaces at such times. The relationship between the two sets of folds, which interdigitate in pycnonephridians or are largely separate in meronephridians, is related to shell shape, proboscis type and foregut structure in different families. Loss of the anal gland in the buccinoideans is correlated with changes in the efferent renal veins, a reduction in the size of the rectal sinus and the reduction or loss of the gland of Leiblein. Extracellular bacteria occur in the anal gland of the muricid Ocenebra erinacea similar to those previously reported in Nucella, suggesting that their presence may be typically associated with the gland in the Ocenebrinae and possibly other muricids.
INTRODUCTION
The fundamental plan of the excretory system of neogastropods is essentially similar to that of marine caenogastropods such as Littorina littorea in that it comprises an auricular filtration site, a nephridial gland adjacent to the pericardium, and vascularized folds on the dorsal wall of the kidney (Andrews & Taylor, 1988) . However, the uniform folds of other caenogastropods are replaced in neogastropods and carnivorous neotaenioglossans by folds of two histologically distinct types, only one group of which (the primary) is similar to those of herbivorous species. The well-developed primary and smaller secondary folds may interdigitate or be largely separate (designated the pycnonephridian and meronephridian conditions, respectively, by Perrier, 1889) . Nucella and Buccinum exemplify the pycnonephridian condition. Both sets of folds are believed to contribute to modification of the primary urine to a greater or lesser extent by resorption and excretion, though the full significance of the arrangement is unclear. The development of the secondary folds is associated with modifications of the renal veins, including the loss of any connection with the nephridial gland vein (Fretter & Graham, 1962 , 1994 Andrews, 1981 Andrews, , 1988 Andrews & Taylor, 1988; Perrier, 1889; Strong, 2003) . This account examines the fine structure and function of the vascular and excretory systems of the muricoidean Nucella lapillus (L.) and reports some comparative observations on the buccinoidean Buccinum undatum L. in relation to the differences in their foregut anatomy, habitat and mode of life.
The anal gland is an accessory excretory organ shared by muricoidean and conoidean neogastropods (Taylor & Morris, 1988) . This pattern of occurrence is considered from a functional aspect. Ultrastructural examination of the gland in Nucella revealed that it is involved in amino acid, lipid and carbohydrate metabolism and that it contains symbiotic bacteria (Andrews, 1992) . In order to establish whether similar bacteria occur in the anal gland of another ocenebrinid species the ultrastructure of the gland is examined in Ocenebra erinacea (L.).
The relationships of neogastropods both within the infraorder and with other caenogastropods are still in doubt and Strong (2003) emphasized the importance of broadening the criteria used in cladistic and phylogenetic analysis, in which she included the comparative anatomy of the excretory system. This prompts a reassessment of the excretory system and possible origin of the pycnonephridian and meronephridian conditions, not only of neogastropods but also of some other groups of marine proboscideans and almost exclusively carnivorous caenogastropods from a functional perspective, and of their phylogenetic implications.
MATERIAL AND METHODS
Specimens of Nucella lapillus and Buccinum undatum were supplied by the University Marine Biological Station, Millport, and were maintained in an aquarium with circulating seawater at 108C. Dr Peter Gibbs kindly sent specimens of Ocenebra erinacea from Plymouth.
Scanning electron microscopy
Specimens were fixed overnight in 3% glutaraldehyde in So¨rensen's phosphate buffer at pH 7.2 adjusted to 1,100 mOsm with 14% sucrose, either without narcotization after removal of the shell or relaxed in equal parts of 7.5% magnesium chloride and seawater. They were dissected in buffer or cut into steaks with a single-edged razor blade, dehydrated in ethanol and critical-point dried before sputter coating in gold-palladium. Specimens of Nucella were examined in Hitachi H2400, 3100 or 3000 scanning electron microscopes and those of the buccinids in a Cambridge S100.
Transmission electron microscopy
Narcotized snails were fixed in the primary fixative as described above followed by postfixation in 1% osmium tetroxide. Specimens of Nucella and Ocenebra were dehydrated in ethanol and embedded in TAAB resin and those of Buccinum in L.R. White resin. Sections were stained in aqueous uranyl acetate and Reynolds' lead citrate before examination in a Zeiss 109 or Hitachi H600 transmission electron microscope.
Injection techniques
The cephalic haemocoel of four specimens of Nucella was injected with 0.09 ml of ferritin (Sigma 100 mg/ml). The osmolarity was adjusted to 1,100 mOsm by addition of 8.766 mg NaCl. They were examined with a stereomicroscope after 2 and 17 h and dissected and fixed as above after 50 h or 5 days, with or without postfixation in 1% osmium tetroxide. They were prepared for transmission electron microscopy (TEM) as described above.
Measurement of blood pH in Buccinum
The snails were acclimated to aquarium seawater at pH 8.35 at 108C or artificial seawater, pH 7.6 at 208C for 24 h before sampling. The head/foot of the snail was held in the extended position and the surface was dried with tissue paper. Samples of pedal blood were withdrawn from the cephalopedal sinus with a hypodermic syringe. The shell over the kidney and pallial veins was drilled with a dental burr and the underlying tissue was wiped with tissue paper soaked in Ringer. Blood samples from the pallial and visceral veins were taken using glass capillaries drawn to 0.1 mm diameter in a microelectrode puller. The volumes collected by capillarity were ,12 ml. The pH was measured as rapidly as possible using a Radiometer PHM 71 acid-base analyser. Some were briefly refrigerated before analysis.
RESULTS

Anatomy of the heart, kidney and renal veins of Nucella lapillus
The most obvious differences in the organization of the excretory system of neogastropods such as Nucella and that of a mainly microphagous herbivorous grazer such as Littorina littorea are the two types of vascularized folds on the roof of the kidney, which are closely interdigitating in Nucella. The pericardial cavity and kidney occupy the typical position for caenogastropods at the base of the visceral hump. Their anterior walls form the posterior wall of the mantle cavity. The visceral section of the posterior oesophagus, digestive gland and gonad lie beneath the floor of the kidney. The auricle, the site of urine formation, lies above the ventricle alongside the nephridial gland vein in the left wall of the kidney. All three components involved in modification of the primary urine can be seen by transparency through the dorsal wall of the kidney when the snail is removed from its shell ( Fig. 1) : on the left, the nephridial gland (ngl), a narrow strip of tissue in the pericardial wall, to its right the Figure 1 . The heart and kidney of Nucella lapillus viewed from the left. Based on Fretter & Graham (1962 , 1994 . The large arrow indicates anterior. Abbreviations: au, auricle; cm, columellar muscle; ct, ctenidium; darv, dorsal afferent renal vein; dgl, digestive gland; dw, dorsal wall; ebv, efferent branchial vein; hgl, hypobranchial gland; ngl, nephridial gland; nglv, nephridial gland vein; t, testis; ve, ventricle. Scale bar ¼ 1 mm. Figure 2 . The kidney of Nucella lapillus viewed from the left, cut open along the strip of connective tissue separating the nephridial gland from the dorsal wall, which is deflected to the right. The large arrow indicates anterior and the small indicate ciliary currents. Abbreviations: ct, ctenidium; darv, dorsal afferent renal vein; dgl, digestive gland; dw, dorsal wall; ko, kidney opening; ngl, nephridial gland; pf, primary fold; sf, secondary fold; t, testis; varv, ventral afferent renal vein. Scale bar ¼ 1 mm. dorsal afferent renal vein (darv) bearing the translucent dark secondary folds ( Fig. 2 ; sf ), which extend only as far as the middle of the roof, and the white primary folds ( Fig. 2 ; pf ) with which they interdigitate. The latter extend from right to left, coming to lie close to the dorsal afferent renal vein.
The internal organization of the kidney is shown diagrammatically in Figures 2 and 3 and displayed in scanning electron micrographs (SEMs) in Figures 5 and 6 . The regions identified above are revealed by cutting the dorsal wall along its anterior and left margins to the right of the nephridial gland, and reflecting it to the right. The nephridial gland (ngl) is a wedge-shaped thickening of the pericardial wall, and its ciliated renal surface bears a series of slit-like openings into narrow branching tubular evaginations of the kidney lumen Figure 3 . A. Diagram of a transverse section (TS) through the base of the visceral hump of Nucella lapillus showing the heart and renal blood vessels. The curved dashed line indicates the junction between the visceral hump and headfoot. Outline arrows and white arrows indicate tidal flow in nephridial gland and darv, respectively, and black arrows the direction of flow in varv and branches. Not drawn to scale. B. SEM showing in TS the relationship between the cephalopedal vein, posterior oesophagus and anterior aorta just antero-ventral to the anterior wall of the kidney and the origin of the common afferent renal vein at the base of the visceral hump, as indicated by the dashed line (labelled B) in A. Scale bar ¼ 200 mm. C. SEM of the inflatable bulb on the transverse branch of the dorsal afferent renal vein at the junction with the efferent renal vein in a relaxed specimen. Scale bar ¼ 150 mm. Abbreviations: aa, anterior aorta; au, auricle; aw, anterior wall of the kidney; b, bulb; bw, body wall; ch, cephalic haemocoel; cm, columellar muscle; cpv, cephalopedal vein; darv, dorsal afferent renal vein; dgl, digestive gland; erv, efferent renal vein; fr, fragment of shell; fs, filtration site; j, junction of head/foot and visceral hump; ko, kidney opening in anterior wall; L, left; ms, mantle skirt; nglv; nephridial gland vein; pa, posterior aorta; pf, efferent sinus in primary fold; poe, posterior oesophagus; R, right; rpo, renopericardial opening; s, septum between varv and darv; sf, blood space in secondary fold; tb, transverse branch of darv on anterior wall of kidney; varv, ventral afferent renal vein; ve, ventricle; vn, visceral nerve; vv, visceral vein. (Fig. 6 ). The kidney, in which urine is stored during emersion, is capacious. The primary and secondary vascular folds on its roof receive blood from the ventral and dorsal afferent renal veins, respectively, both of which emerge from the left anteroventral corner of the kidney. The conspicuous primary excretory folds arch over the right and dorsal walls and largely obscure the shallow secondary folds (Fig. 5) . The three regions of the kidney have separate blood supplies (Figs 3, 4) , as demonstrated by SEM and confirmed by ferritin injection experiments and TEM (see below).
The veins of the heart and kidney: The term 'vein' is that traditionally used to describe these discrete channels in gastropods, although they lack an endothelium in 'prosobranchs'. It conforms to the terminology of Fretter & Graham (1962) , with the exception of the efferent nephridial vein, which was believed to convey blood from the nephridial gland to the heart. It has since been shown to shunt postbranchial blood between the two organs (Fretter & Graham, 1994) , and is here described as the 'nephridial gland vein'.
The nephridial gland vein and blood gland: The nephridial gland vein (Figs 3, 4; nglv) , which is traversed by prominent transverse muscle fibres, as in Littorina littorea (Andrews & Taylor, 1988) and Buccinum (Fig. 18) , receives unadulterated postbranchial blood from the auricle. After circulating through the blood gland (the spaces which surround the tubules of the nephridial gland lined on the renal side by resorptive epithelium) the blood is returned to a channel in the auricle in which it is segregated from the incoming postbranchial blood, and it passes directly to the ventricle for systemic circulation. It does not mix with blood in the efferent renal sinuses, since the dorsal wall of the kidney is separated from the nephridial gland by a narrow strip of connective tissue devoid of blood spaces ( Fig. 6; st) .
The origin of the afferent renal vein: The afferent renal vein (arv) of Nucella receives blood from: (1) the cephalopedal vein (Figs 3, 4, 8; cpv) , which carries blood from the cephalic haemocoel and (2) from the visceral hump via the visceral vein to the kidney, as in other caenogastropods. It is anteroventral to the kidney. It lies dorsal to the posterior oesophagus and, as in all neogastropods with a well-developed gland of Leiblein, its origin is intimately associated with the terminal ampulla of the gland. In routine dissection and serial sections the ampulla appears to pass unimpeded through the cephalopedal vein and enter the afferent renal vein in a number of muricoideans (Amaudrut, 1898; Fretter & Graham 1994; Strong, 2003) . Marcus & Marcus (1962) also observed that in the buccinoidean Columbellidae, the gland itself, which is small and lacks an ampulla, enters the vein. But investigation of both relaxed and contracted specimens of Nucella in the SEM has shown that a perforated transverse muscular septum across the cephalic haemocoel strikingly similar to that described in Littorina by Fretter & Graham (1962) partially separates the mid-oesophageal gland of Leiblein from the cephalopedal vein (Figs 7, 8) . Access to the afferent renal vein appears to be controlled by a band of muscles at its base. In specimens relaxed before dissection or fixation the ampulla is seen to be the thin-walled and narrow tapering posterior end of the gland (Andrews & Thorogood, 2005) . When the proboscis retracts, a groove develops in the floor of the mantle cavity which creates the 'neck' of the ampulla. When the whole snail retracts, constricting the mantle cavity further, the floor of the cavity is flung into folds ( Fig. 8 ; bw). They press against the ampulla, the muscles of the body wall constrict it into a comma shape, and it is deflected dorsally and to the left, anterior to the septum against which it is pressed.
Subdivision of the afferent renal vein: separation of cephalopedal and visceral blood streams to the kidney: Unlike the afferent renal vein of nonproboscidean caenogastropods, in neogastropods such as Nucella the vein subdivides into dorsal and ventral branches as it enters the left anterior corner of the floor of the kidney adjacent to the pericardium. Both branches cross the inner surface of the anterior wall of the kidney diagonally and pass to the right of the kidney opening. The dorsal vein (darv) extends onto the dorsal wall and secondary folds on the left. It carries blood from the cephalopedal haemocoel to the secondary folds on the left side of the dorsal wall of the kidney, whilst the ventral vein (varv) on its right passes blood from the visceral vein (vv) to the primary folds on the right and dorsal walls . The visceral vein lies on the columellar axis of the spire. At the base of the visceral hump it extends to the left, ventral to the anterior wall of the kidney (stippled in Fig. 3) , where it joins the cephalopedal vein to form the afferent renal vein. In females the gonopericardial duct lies just below the junction, at which point the afferent renal vein enters the kidney and subdivides into the dorsal and ventral afferent renal veins. If they are cut open a thin septum is revealed at the bifurcation which prevents admixture of blood from the visceral hump with that from the head/foot. The septum is difficult to display, as the effects of torsion and helical coiling are most marked at the base of the visceral hump (Fig. 8) , but the ventral and dorsal vessels are easily distinguished in the SEM. The dorsal vein bears a series of balloon-like pouches on its outer surface and lacks an inner layer of muscles, whereas the ventral has a smooth outer surface and well developed subepithelial muscles (Figs 9-11 ; darv).
The dorsal afferent renal vein and secondary folds: The ultrastructural and experimental observations reported below reveal that the dorsal afferent vein and its tributaries constitute a highly modified system of sinuses in which the primitive functions of resorption and excretion are secondary to their role as a compensation sac when blood is displaced from the cephalic haemocoel during retraction of the proboscis. The main vein (Figs 4, 6 ; darv) gives off a series of blind-ending branches to the secondary folds on its right (Fig. 9F) , then itself ends blindly at the posterior end of the nephridial gland. However, another subsidiary of its main trunk crosses the anterior wall of the kidney and opens into the efferent renal vein, at which point it bears an inflatable bulb (Fig. 3C ) which appears to act as a pressure valve (see below), suggesting that this branch is a bypass for blood if the blind-ending branches are full.
The dorsal vein and its branches in the secondary folds are thin-walled and roughly triangular in transverse section, with their broad bases attached to the kidney roof (Figs 9-12 ). They have a small surface area by comparison with the primary folds and their epithelium is squamous to cuboidal, so their contribution to excretion and resorption must be relatively modest. In specimens that were relaxed with the proboscis extended before fixation the veins were found to be empty and the balloon-like pouches in their walls had collapsed ( Figs 9C, D, 10C ), but in snails fixed with the proboscis retracted, or if the whole snail was fixed in a retracted state without narcotizing, the dorsal vein and its branches were inflated to a greater or lesser extent (Fig. 11B ). This indicates that there is ebb and flow of blood through the system, brought about by protraction and retraction of the proboscis or other parts of the body. Cephalopedal blood enters or drains from the folds according to the state of retraction or protraction of the proboscis and headfoot, and they fill or empty in synchrony with these activities. When the dorsal vein and its tributaries are inflated they are densely packed with chains of haemocyanin lying in parallel and aggregated into layers, which display the characteristics of liquid crystals (Fig. 12) . Figure 5 . SEM showing the inner face of part of the anterior wall of the kidney of Nucella lapillus at the bottom of the plate, with the kidney opening and both branches of the darv revealed by cutting away the margins of the wall and the main trunk of the varv (see Fig. 4A ). The wall has also been partially cut along its dorsal margin at the level of the two white arrows to display the dorsal wall, which has been reflected to show its inner surface and vascular folds at the upper part of the plate. Small arrows indicate tubules of the nephridial gland. Abbreviations: A, anterior; aw, anterior wall of kidney; darv, dorsal afferent renal vein; ko, kidney opening; L, left; ngl, nephridial gland; P, posterior; pd, posterior end of darv; pf, primary fold; R, right; tb, transverse branch of darv; 1,2,3, branches of ventral afferent renal vein; v, ventral (arrowed). Scale bar ¼ 0.5 mm. The ventral afferent renal vein: The ventral afferent renal vein (varv) splits into several stout branches as it enters the floor of the kidney. They cross the floor to the right and dorsal walls and lead to sinuses in the pinnate primary folds, which in turn drain into the efferent renal vein (erv) on the right margin of the kidney. These folds retain their ancestral function of resorption and excretion.
Unlike the dorsal vein, the ventral vein and its branches are circular in cross-section and lack superficial pouches. They do not collapse in either relaxed or contracted snails, and they contain blood in which the haemocyanin is neither aggregated in chains nor 'crystalline' in appearance. Their walls are stout, with well-developed subepithelial muscle fibres and a central core of longitudinal fibres ( Fig. 11; mfi) . The overlying epithelium is columnar. The vacuolated excretory cells are responsible for removal of nitrogenous waste, other metabolites and toxins which accumulate during emersion when the snail is uricotelic. The excretory cells are interspersed with ciliated resorptive cells which extract any residual valuable organic solutes from urine in the lumen of the kidney after its passage through the tubules of the nephridial gland (Fig. 10E) , as in Buccinum (Figs 18, 19 ).
The efferent renal veins: The main efferent renal vein (erv) on the right anterior margin of the kidney conveys blood from both systems of folds to the rectal sinus, into which it opens at the posterior end of the mantle skirt (Figs 3, 4) . The blood then passes through the blood spaces of the anal gland and hypobranchial gland en route to the ctenidium. The inflatable bulb on the transverse branch of the dorsal vein lies close to its junction with the efferent renal vein. The branch may allow the escape of blood into the efferent vein and rectal sinus when the sinuses of the secondary folds are full and pressure in it reaches a threshold. By contrast, the efferent sinuses of the primary folds have free access to the efferent renal vein, to which the larger branches open along the right margin of the dorsal wall. The rectal sinus ends in a protuberance on the anal papilla, the tip of which bears a very thin patch of wall covered by squamous epithelium which might be ruptured if blood pressure in the sinus were to reach a critical level. This has not been verified experimentally. A permanent pore has not been found. Comparative ultrastructural observations on L. littorea confirmed that the structure of the papilla is similar to that described by Fretter (1982) in other littorinid species (E.B. Andrews, unpubl.) but, as in Nucella, TEM revealed an area of squamous epithelium over its outer surface (difficult to see in histological preparations), not a permanent pore. In Littorina the rectal sinus is lined by an endothelium, which is absent in Nucella, in which there is intimate contact between its contents and the epithelium of the anal gland.
The anal gland: Blood in the rectal sinus is further modified in the subepithelial blood spaces of the anal gland in two ways, since there is evidence that the gland is more than a subsidiary excretory organ, as originally believed. Extracellular bacteria in the anal gland of Nucella (Andrews, 1992) appear to have a symbiotic association with their host, since the ultrastructural evidence indicates that the bacteria break down the contents of residual bodies expelled by the epithelium, which absorbs the resultant valuable metabolites. Similar bacteria also occur in the lumen of the gland in Ocenebra erinacea (Fig. 13A, B) , suggesting that such a relationship may commonly exist in those neogastropods with an anal gland, providing a supplementary source of nutrients. The gland is absent in the Buccinoidea, in which the rectal sinus is a minor vessel.
Ferritin injection experiments:
The distribution of ferritin injected as a tracer into the cephalic haemocoel of experimental snails supports the anatomical evidence that the three veins-the nephridial gland, dorsal afferent renal and ventral afferent renal-do not interconnect. The dorsal afferent renal vein and secondary folds rapidly became a ruddy brown after injection as did the efferent renal vein and rectal sinus (which is also connected to the haemocoel), but the primary folds, nephridial gland vein and heart did not. In a snail that was fixed and dissected 2 h later the marker had reached the ctenidium, auricle and nephridial gland, the last being the most heavily stained. The gland and adjacent dorsal afferent renal vein were clearly separated by an unstained strip of connective tissue, so ferritin had not passed between the kidney and the blood spaces of the gland. At this stage ferritin still could not be detected in the visceral hump, ventral afferent renal vein or primary folds of the kidney. However, in a snail examined 50 h after injection it had dispersed throughout the blood system. In a specimen fixed for TEM, sections revealed ferritin molecules in the lumen of the kidney and in the epithelium of both primary and secondary folds (Figs 15, 16) .
Ultrastructure of the epithelial cells of the nephridial gland and renal folds: Some areas of the renal epithelium do not participate in modification of the urine but are concerned with maintaining circulation, or act simply as a limiting membrane. The renopericardial canal opens below the nephridial gland, and urine circulates through the tubules of the gland in which it exposed to their ciliated epithelial lining before entering the main lumen of the kidney. The left wall and lips of the kidney opening bear strongly ciliated columnar cells (Fig. 9 ), while the floor is lined by unciliated squamous-cuboidal cells. The rest of the epithelium is composed of variations of the two fundamentally similar cell types that characterize the renal epithelium of marine caenogastropods-wedge-shaped ciliated resorptive cells and columnar vacuolated excretory cells, among which small numbers of mucous cells are interspersed. They are described below according to the order in which they contribute to the modification of the primary urine. Fig. 7) , viewed from the left. A septum separates the cephalopedal vein from the ampulla of the gland of Leiblein (upturned and pushed to the left). Scale bar ¼ 300 mm. Anterior is to the left. Abbreviations: amp, ampulla; bw, body wall, folded in retracted state; cm, columellar muscle; cn, cut visceral nerves, ch, cephalic haemocoel; cms, mantle skirt cut away from floor of mantle cavity along this edge; cpv, cephalopedal vein; fmc, floor of mantle cavity; gL, gland of Leiblein; lgL, lumen of gland of Leiblein; s, septum; tm, transverse muscle of body wall; vg, visceral ganglion vv, visceral vein.
The nephridial gland: The predominantly resorptive epithelial cells over the left wall of the kidney and lining the tubules of the nephridial gland bear numerous long cilia which create currents directed towards the kidney opening, as in Buccinum (Figs 18, 19) . They are cuboidal, as distinct from the wedge shape that typifies the resorptive cells of the dorsal wall, but in other respects their fine structure is similar. Their possession of prominent microvilli, coated vesicles and endocytotic canals T.S through a blood-filled secondary fold between two primary folds. Scale bar ¼ 120 mm. C. Tip of a primary fold and columnar epithelium with many spherules. Scale bar ¼ 60 mm. D. Section showing empty blood space, taken from same section as B. Scale bar ¼ 60 mm. E. Detail of the thin basal processes of the vacuolated excretory cells of a primary fold crossing the subepithelial blood space to the underlying circular muscle fibres. Scale bar ¼ 30 mm. F. Detail of the vacuolated cells of a secondary fold and the underlying blood space filled with aggregates of haemocyanin. Scale bar ¼ 15 mm. Abbreviations: bs, blood space; c, cilia; e, epithelium; esp, excretory spherules (apical blebs); ev, excretory vacuoles; l, empty main lumen of afferent renal vein in primary fold; lcr, liquid crystals, i.e. aggregates of haemocyanin; lk, lumen of kidney; mfi, muscle fibres; pf, primary fold; sf, secondary fold. cells occur amongst the resorptive cells, but excretory cells are absent.
The secondary folds: The shallow secondary folds of the dorsal wall have a low epithelium. Their fine structure suggests that they are metabolically less active than those over the primary folds (Fig. 14A) . They have small basal branches that rest on, but do not indent the thin basal lamina (Fig. 14B) . The resorptive cells bear sparse cilia, restricted to the margins of the cells, and short stubby microvilli (Fig. 14B) . Their cytoplasm usually contains deposits of glycogen. In specimens injected with ferritin there is evidence of its uptake from the urine by these cells, since ferritin is a small enough molecule to cross the filtration barrier in the auricular wall. It appears in sections as free molecules in the lumen of the kidney (Fig. 15 ) and the lysosmes are laden with the marker.
The vacuolated cells have fewer microvilli amongst which are apical blebs smaller than those of their counterparts on the primary folds, and conspicuous scars mark where they have become detached at a late stage in the cell cycle.
The primary folds: The crests of the primary folds are covered by strongly ciliated resorptive cells, which form a lattice around the abundant excretory cells over the sides. The cells have a large apical surface area, and at certain stages in the cell cycle they overhang the excretory cells. Below the apical region they taper and give off branches which are bathed in intercellular fluid and rest on the thin basal lamina but do not indent it. The cells have a dense covering of microvilli, a well-developed apical canal system and electron-dense cytoplasm. As in the secondary folds, ferritin occurs in these cells in experimental snails and it is evident in the apical canal system, pinocytotic vesicles and lysosomes (Fig. 16) . Residual bodies are expelled in apical blebs, which are small by comparison with those of the vacuolated cells. Amoebocytes are abundant in the blood spaces and their pinocytotic vesicles and lysosomes are also laden with ferritin in injected snails.
The columnar excretory cells have much paler cytoplasm and bear shorter microvilli than those of resorptive cells. Late in their cell cycle their apical blebs obscure the resorptive cells. The vacuoles contain finely granular material which never forms concretions. As the vacuoles increase in size they migrate to the apical cytoplasm, from which they are ultimately expelled as the blebs are pinched off. The basal cytoplasm is packed with mitochondria. Narrow processes indent the thin basal lamina and permeate the underlying blood spaces as far as the layer of circular muscle fibres, providing the intimate contact between the basal cell membranes and blood necessary for uptake of solutes. In the specimens injected with ferritin it accumulated against the basal lamina, but was not found in cytoplasmic vesicles or excretory vacuoles.
Anatomy and fine structure of the heart and renal veins of Buccinum undatum
The fine structure of the heart in Buccinum is essentially similar to that of Nucella and Littorina (Andrews, 1988: fig. 9 ), and it operates in the same way (Andrews & Taylor, 1988) . Latex injections into the nephridial gland vein of a relaxed specimen of Buccinum confirmed that in this snail too, the nephridial gland vein and its tributaries are isolated from the dorsal wall of the kidney. The presence of well-developed subepithelial muscle fibres in the vein (Fig. 18B) , which contribute to tidal flow, contrasts with their absence in the adjacent dorsal afferent renal vein (Fig. 18G) . The origin of the ventral afferent renal vein and its main branches is shown in Figure 17 . As in Nucella there is a septum at the base of the afferent renal vein separating cephalopedal blood in the dorsal afferent vein from visceral blood in the ventral afferent renal vein (Andrews, 1981) . The dorsal vein forms a more marked subdivision of the left side of the kidney from the main lumen than it does in Nucella. The renal epithelium is shown in Figure 19 . The fine structure of the excretory and resorptive cells is similar to that in Nucella.
Buccinum differs from Nucella however, in that the efferent renal vein connects with a 'reno-mucous vein' (Dakin, 1912) leading directly to blood spaces beneath the hypobranchial gland, and the rectal sinus is relatively small and thick-walled. There is no protuberance on the anal papilla. In common with other buccinoideans it lacks an anal gland.
Measurement of blood pH in Buccinum
An attempt to prove experimentally that the nephridial gland vein contains oxygenated postbranchial blood by measuring the pH of blood samples from different vessels in Buccinum had limited success, since the snails did not travel well and soon became moribund in aquarium conditions (indicated by secretion of quantities of mucus). Consequently, sample size was very small (P.M. Taylor & E.B. Andrews, unpubl.) , but the few results obtained were consistent with the ultrastructural evidence. The pH of blood from the head/foot in healthy acclimated snails was 7.69 + 0.16 (n ¼ 4). Values for paired samples of blood from the afferent and efferent ctenidial veins of two healthy snails were 7.16 (7.15, 7.17) and 7.44 (7.52, 7.37), respectively, but only one set of reliable results was obtained for paired samples from the efferent ctenidial and nephridial gland veins (7.37 and 7.35, respectively). A. The epithelium and vascular connective tissue of a primary fold. The blood space is filled with blood in which the haemocyanin is not aggregated. Scale bar ¼ 10 mm. B. A resorptive cell of a secondary fold overlying a blood space packed with haemocyanin aggregates. Scale bar ¼ 2 mm. Abbreviations: amc, mucous cell containing acid mucopolysaccharide; bs, blood space; bpr, basal process of excretory cell; ev, excretory vacuole; g, glycogen; lk, lumen of kidney; ly, lysosome; m, mitochondrion; mfi, muscle fibre; mv, microvilli, n, nucleus.
DISCUSSION
The observations reported above suggest that the adaptations of neogastropods for a carnivorous diet have resulted in more extensive modifications of the excretory and venous systems than had previously been recognized. The most important inferences to be drawn relate as much to the haemodynamics of the blood system as to its fine structure and biochemistry, correlated with the development of a proboscis, adaptations of the foregut and the parallel development of secondary folds in the kidney. The superficial sinuses linking the nephridial gland to efferent sinuses in the kidney that occur in Littorina (an 'overflow' route for blood from the heart and nephridial gland) have been replaced by new escape routes, involving different modifications to the efferent renal and pallial veins in muricids and buccinids and the loss of the anal gland in buccinids. These changes also have a bearing on differences in habitat, mode of life and behaviour in the two groups of neogastropods.
The postbranchial circulation: the heart and nephridial gland
In neogastropods, as in marine caenogastropods such as Littorina, oxygenated blood from the ctenidium is further modified on its passage through the heart before it enters the arterial circulation. It has been confirmed that the microanatomy of the heart and pericardial cavity in Nucella and Buccinum (Andrews, 1988: fig. 9 ) is essentially the same as that in Littorina littorea (Andrews & Taylor, 1988) and it functions in a similar way. The auricle is subdivided into two compartments. The main chamber receives blood from the efferent branchial vein at diastole. At systole a portion of this is shunted into the nephridial gland vein and its sinuses, where it is modified before it is returned at the next diastole to a dorsal channel leading to the ventricle. Tidal flow in the nephridial gland is brought about by a combination of the heart beat and the intrinsic muscles of the nephridial gland vein. The floor of the dorsal channel is separated from the main chamber by longitudinal muscles the contraction of which expels the blood to the ventricle at systole. The remaining portion of blood entering the auricle is filtered through the wall of a side chamber covered on the pericardial side by podocytes (Andrews, 1976) . Ciliary currents draw the resulting primary urine along the renopericardial canal into the tubules of the nephridial gland before it is carried into the main lumen of the kidney. Organic solutes such as glucose are resorbed from the urine by the epithelium lining the tubules and some metabolites and toxins are removed by phagocytes in its sinuses-the so-called 'blood gland' of Perrier (1889) (see below)-before it is returned to the dorsal channel in the auricle. The composition of the arterial blood is therefore 'fine tuned' at the start of the systemic circulation.
The existence of the superficial sinuses linking the nephridial gland and the dorsal wall of the kidney in Littorina and other caenogastropods led to the generalized concept that the main 'efferent' vein of the gland conveys prebranchial (venous) blood to the auricle (Fretter & Graham, 1962 , 1994 , which implied inefficiency in the system. It was Figure 16 . A. TEM of a vacuolated excretory cell and a ciliated resorptive cell of a primary fold in the kidney of Nucella lapillus which had been injected with ferritin. Scale bar ¼ 4 mm. Inset B. Ferritin in endocytotic canals and vesicles of the resorptive cell. Scale bar ¼ 0.5 mm. Inset C. Lysosomes in the apical cytoplasm of a resorptive cell filled with ferritin. Scale bar ¼ 6.6 mm. Inset D. Detail of ferritin molecules in these organelles. Scale bar ¼ 0.1 mm. None was found in the vacuoles of the excretory cell. Abbreviations: bs, blood sinus; c, peripheral ring of cilia of resorptive cell; en, endocytotic canal system; ev, excretory vacuole; ly, lysosme; m, mitochondria; n, nucleus.
rejected for Littorina by Andrews & Taylor (1988) and it clearly cannot occur in Nucella or Buccinum, since there are no such connections. As early as 1889, Perrier had demonstrated that dyes injected into the 'cavite´gene´rale' of various species of 'prosobranchs' reached the vascular folds on the dorsal wall of the kidney, but the blood spaces of the nephridial gland were unaffected. He therefore concluded that blood entered the gland directly through the auricle and that it was not connected to the renal veins. Cue´not (1914) came to the same conclusion on the basis of his comparative experiments, and Strunk (1935) confirmed this for Buccinum undatum using injections of eriocyanin in seawater. Again, the dye was taken up by the kidney but not the nephridial gland. Nearly a century after Perrier's original findings Andrews (1985) concluded that tidal flow occurs between the nephridial gland and left auricle of 'archaeogastropods'. Later, video recordings and pressure measurements of the auricle and veins of Littorina established that the source of the blood in the gland is the auricle, not the kidney (Andrews &Taylor, 1988) .
These observations also showed that the superficial sinuses in Littorina connecting the nephridial gland vein and dorsal wall of the kidney carry blood from the auricle through the nephridial gland vein to the efferent renal sinuses. When the snail retracts into the mantle cavity, blood surges through the auricle and sinuses of the gland. If the blood pressure reaches a threshold the superficial connecting branches open, allowing blood to escape across the dorsal wall of the kidney into the efferent renal vein and rectal sinus. If the snail retracts completely, resulting in even higher pressures, blood escapes through the 'blood pore' on a protuberance of the anal papilla described by Fretter (1982) in 10 species of littorinids (see below). The ventricle is protected from overfilling as the bulbus aortae inflates and the heartbeat slows or stops.
The loss of these connections in carnivores such as Nucella and Buccinum is correlated with the development of the secondary folds on the dorsal wall of the kidney, which accommodate blood expelled from the cephalic haemocoel when the proboscis or the whole snail retracts. Blood from the heart and nephridial gland is rerouted in muricids and buccinids, avoiding possible back pressure on the heart (see below).
Regulating the composition of the postbranchial blood for systemic circulation: the 'blood gland'
The amoebocytes and other connective tissue cells in the blood spaces of the nephridial gland (the 'blood gland') play an important part in modifying the final composition of the blood before it enters the systemic circulation. The amoebocytes phagocytose large molecules and invasive bacteria, and have been implicated in haemocyanin metabolism. When Brown & Brown (1965) , injected the radio-opaque dye Thorotrast into the cephalopedal haemocoel of the sand-burrowing nassariid buccinoidean Bullia and traced its subsequent distribution, they found a high concentration of amoebocytes laden with the marker in the heart, and the most important escape route from the body was through the heart wall into the pericardial cavity and kidney. Such intense phagocytic activity at the start of the systemic circulation indicates that it must be a major route for elimination of toxins. Ultrastructural studies have since revealed that the abundant amoebocytes in the gland of Nucella phagocytose the protein ferritin injected into the pedal sinus (Andrews, 1992) . Martoja, Tue & Elkaı¨m (1980) identified large deposits of copper in the amoebocytes of the blood gland in Littorina, suggesting their involvement in haemocyanin metabolism, although the indications are that pore cells (¼ the rhogocytes of Haszprunar, 1996) , which occur throughout the body cavity and connective tissue and are particularly abundant in the mantle skirt, are responsible for its synthesis and recycling (Bonaventura & Bonaventura, 1983; Simkiss & Mason, 1983 for reviews; Haszprunar, 1996 for comprehensive discussion).
Organic solute resorption and the relative contributions of the nephridial gland and dorsal wall of the kidney Early histological and experimental studies indicated that the nephridial gland is likely to be an important site, if not more important than the kidney, for recapturing solutes from the urine. Perrier (1889) had recognized histological differences between the epithelia of the nephridial gland and the vascular folds in the kidney in various species of caenogastropods including 'Stenoglossa', from which he deduced that they had different functions. However, Cue´not's (1899 Cue´not's ( , 1914 observations showed that in Buccinum the ciliated epithelial cells of both the gland and dorsal wall of the kidney secreted ammoniacal carmine, which pointed to some overlap in function. Strunk (1935) identified sugars and proteins but not uric acid in the epithelium of the nephridial gland in Buccinum, but he did not find them in the kidney or its veins and concluded that the kidney was purely excretory. The ultrastructural observations described above show that resorptive cells are the predominant type in the nephridial gland and over the ridges of the primary folds on the dorsal wall, in the most favourable position for resorption, whilst excretory cells are abundant over their sides.
The ultrastructure and biochemical environment of the nephridial gland suggest that it offers more favourable conditions for Na þ -mediated resorption of organic solutes in caenogastropods than the dorsal wall of the kidney. The pulsation of the heart conveys blood to the sinuses and aliquots of primary urine to the tubules at a fast rate and contraction of the muscles of the gland is synchronized with that of the heart beat. Larger volumes of increasingly concentrated acid urine Figure 17 . SEM of TS through kidney of Buccinum undatum. The pericardial cavity has been opened and the heart removed. The nephridial gland vein is cut transversely. The origin of the ventral afferent renal vein is displayed, together with its main branches and the interdigitating branches of the two types of fold. The main branch of the dorsal afferent renal vein, which curves along the posterior margin of the kidney, is just visible. Abbreviations: darv, dorsal afferent renal vein; dgl, digestive gland containing sporocysts of a trematode parasite; L, left; ngl, nephridial gland; nglv, nephridial gland vein; pc, pericardial cavity; pf, primary fold; sf, branch of secondary fold; varv, ventral afferent renal vein (its branches indicated by arrows). Scale bar ¼ 2 mm. Figure 18 . SEM TSs of the major regions of the kidney and their veins in Buccinum undatum. A. Section through part of the nephridial gland (arrowed) and its main vein, which opens to the auricle. Scale bar ¼ 500 mm. B. Detail of the vein showing the well-developed transverse muscle fibres, with smaller subepithelial branches (arrowed) cut obliquely, surrounding a ciliated tubule of the gland. Scale bar ¼ 50 mm. C. Part of a secondary fold and its branches in which the blood spaces are filled with aggregates of haemocyanin. Scale bar ¼ 100 mm. D. Surface view of the epithelium at the base of a secondary fold showing the paucity of ciliated cells, bearing a few small cilia (arrowed). Scale bar ¼ 20 mm. E. A main branch of the ventral afferent renal vein showing the empty lumen surrounded by a layer of muscle fibres separating it from the epithelium. A trematode sporocyst is arrowed. F. Detail of the blind ending of a tubule of the nephridial gland lined by ciliated epithelium, with an underlying blood space. Scale bar ¼ 100 mm. G. Longitudinal section through the basal region of a secondary fold lined by vacuolated excretory cells. Scale bar ¼ 50 mm. Abbreviations: bs, blood space; e, cut faces of resorptive epithelial cells; ec, excretory cell; h, aggregates of haemocyanin in blood space of secondary fold; lk, lumen of kidney; mfi, muscle fibres; mv, microvilli; n, nucleus; nglv, nephridial gland vein; p, pericardium; t, tubule of nephridial gland; v, main branch of ventral afferent renal vein.
are retained for longer periods in the kidney and the rates of resorption vary in intertidal species when there is a change from ammonotely to uricotely during tidal emersion.
Such conditions appear to favour rapid resorption of solutes for systemic circulation in the nephridial gland and slower uptake of residual solutes for storage in the kidney, but experiments on L. littorea failed to substantiate this. Measurements of glucose fluxes in excised tissues showed that the dorsal wall had a two-fold higher rate of net inward transport than the nephridial gland (Taylor & Andrews, 1987; Andrews & Taylor, 1988 , 1990 . But conditions in vitro did not replicate those in vivo. The nephridial gland collapsed when separated from the heart, losing its contractility and normal epithelial surface/volume ratio. By contrast, the large surface area of the folds on the sheet-like dorsal wall was preserved and the cylindrical afferent renal vein and its branches retained their shape. For these reasons similar experiments were not repeated on the neogastropods and the proposal remains a matter for debate.
The structural and physiological adaptations of the venous system: the secondary renal folds and their blood supply in neogastropods and carnivorous neotaenioglossans
The most striking feature of the venous system of neogastropods and carnivorous neotaenioglossans is its possession of the two types of vascular folds on the dorsal wall of the kidney, each served by a branch of the afferent renal vein, but the functional significance has long remained obscure until the SEM allowed sufficiently detailed study. There is no obvious correlation between the specialization of the secondary folds and diet, since they make only a modest contribution to modification of the urine-indeed, the lack of subepithelial muscles and relative inactivity of its epithelium appears to reduce rather than enhance the capacity of the kidney for nitrogenous excretion, which is higher than in herbivores.
Perrier (1889) had concluded that the secondary folds are a closed diverticulum of the blood system and a storage organ filled by a substance he could neither identify (now shown to be aggregates of haemocyanin) nor understand how it was released. SEM observations on Nucella have also demonstrated their connection with the cephalopedal haemocoel via the dorsal afferent renal vein, and established that their major role relates to haemodynamics in the operation of the proboscis, for which they provide a compensation sac. The development of the septum separating the two branches of the afferent renal vein ensures that blood from the cephalopedal haemocoel is contained within the modified dorsal vein and its tributaries. Tidal flow of blood between them and the haemocoel occurs during the extension and retraction of the proboscis (or the whole animal) and the walls of their sinuses are so thin that they easily expand or collapse. When the secondary folds are engorged on retraction, the ampulla of the gland of Leiblein and its 'neck' press against the muscular transverse septum in the cephalopedal haemocoel. Presumably, the septal muscles contract and seal off the haemocoel from the opening of the afferent renal vein, preventing backflow. The unmodified ventral vein and primary folds, which retain their primitive role as part of a renal portal system, are thus isolated and protected from the pressure changes that occur in the headfoot. Differences in the biochemistry of the blood from the two parts of the body are also maintained, the implications of which are discussed later.
The experiments of Trueman & Brown (1987) on the functioning of the pleurembolic proboscis in the nassariid Bullia add credence to these arguments, since their results suggested the existence of some compensatory mechanism which they could not identify. They showed that high pressure pulses occur in the cephalic haemocoel at the start of proboscis protraction, when its sinus is open to the haemocoel. The sinus is closed when the proboscis is extended and haemocoelic pressure pulses are reduced. Recordings of haemocoelic pressure during proboscis retraction showed not the expected rise, but a fall, which indicated the existence of a compensation sac. The authors had similar evidence for Buccinum and concluded that the proboscis operates on the same principles in other proboscidean snails. Such a mechanism is consistent with the proposal that blood drains out of the dorsal afferent vein at the start of proboscis extension, which coincides with the pressure increases in the cephalic haemocoel. The fall in pressure during retraction may be explained by the opening and refilling of the dorsal vein and its branches when the secondary folds act as a compensation sac and reservoir. In both Nucella and Buccinum the thin walls, lack of muscle fibres and readily inflatable and collapsible structure of the secondary folds indicate a passive role in blood flow through them. They are maximally inflated when a snail has retracted into its shell.
If the possession of secondary folds is indeed part of such a compensatory mechanism for operation of the proboscis, isolation of blood from the cephalic sinus from the rest of the kidney might be expected to exist in other proboscidean carnivores, but Strong (2003) has described branches of the dorsal afferent renal vein that also supply some excretory folds in the cypraeid Cypraea robertsi, the naticid Neverita duplicata and the cancellariid Panarona clavatula. She has taken this character state to be homologous in all three species, showing an intermediate stage in the differentiation of kidney folds that arose in a common ancestral group. She has also emphasized the importance of the character 'in supporting the basal placement of cancellariids within the neogastropods' and has renamed the undivided afferent renal vein of all other caenogastropods the 'dorsal' afferent renal vein. However, a vein serving both types of fold has not been found in serial sections of Euspira pulchella (E.B. Andrews, unpubl.) . Furthermore, while the nephridial gland and its vein conform to those in other neotaenioglossans, the renal veins of naticids are highly modified, since they not only receive blood from the cephalic haemocoel on retraction of the proboscis but also from the foot during burrowing (see below).
The role of the secondary folds in relation to the haemodynamics of the foot in neogastropods and neotaenioglossans
There are strong indications that the dorsal afferent renal vein and its folds are also implicated to a greater or lesser extent in the haemodynamics of the foot and retraction of the snail into its shell, depending on the mode of life (summarized by Fretter & Graham, 1994) . Muricids such as Nucella that live on rocky surfaces, or nonburrowing buccinoideans, have a relatively small solid foot devoid of large fluid-filled spaces. But a reduction in size of the rectal sinus and the modifications of the efferent renal veins in the buccinids Buccinum and Neptunea and the nassariid Hinia (Andrews, 1992) , which live mainly on soft sublittoral deposits (Fretter & Graham, 1985) , foreshadow a series of adaptations to burrowing in such nassariids as Bullia and the melongenid Busycon, in which the foot is a hydraulic organ with a greatly enlarged pedal sinus and retraction involves greater displacement of blood than it does in surface dwellers. Brown (1964) investigated the haemodynamics of burrowing in Bullia and compared the anatomy of its veins with those of the nonburrowing buccinid Burnupena. Bullia does not occupy the upper coils of the spire when it is extended but, on its retraction, blood from the foot is displaced to the visceral hump, which can expand into the free space in the shell. Its cephalopedal and visceral veins are relatively much larger than those of Burnupena and they are devoid of valves, allowing blood to flow freely in both directions. The veins connect with a branch of the afferent renal vein (similar to the transverse branch of the dorsal afferent vein in Nucella) that leads directly to the mantle skirt and joins what Brown described as a 'pallial anastomosis'. Dakin (1912) described a similar vessel in Buccinum-the 'reno-mucous vein' linking the kidney to extensive sinuses beneath the hypobranchial gland. Brown (1964) traced the passage of blood in these veins during pedal retraction by injecting Thorotrast into the pedal sinus. When the foot was partially retracted the dye entered the cephalopedal and visceral veins and the branch of the afferent renal vein. From the description it does not appear to enter the secondary folds. Presumably, they would already have been filled by blood displaced by retraction of the large proboscis. Following a sudden stronger retraction when the columellar muscle contracted, the hypobranchial gland sinuses were also filled with dye, indicating that in buccinoideans the hypobranchial sinuses act as an 'overflow route', a role undertaken by the rectal sinus in Nucella (see below).
Greater specialization of the foot has evolved independently in the neotaenioglossan naticids and buccinoidean melongenids, in which a system of pedal spaces can draw in seawater through a series of pores to inflate the propodium during burrowing and expel it on retraction (Voltzow, 1985) . Voltzow (1990 Voltzow ( , 1994 described two major veins on either side of the foot of Busycon that join before entering the kidney. On the basis of this description the junction of these veins is taken to be the point at which they open into the cephalopedal vein at the base of the afferent renal vein, as in Bullia. Voltzow did not report any escape of blood from the pedal pores during retraction in either case, but Mangum (1979) established that in Busycon canaliculatum there were traces of blood in the expelled fluid and increasing amounts were lost on further retraction. Mangum confirmed her observations using atomic absorption techniques, showing that this is another 'overflow route' analogous to the blood pore on the rectal sinus in Littorina and Nucella. Haemocyanin concentrations in samples of pedal, renal and ctenidial blood from Busycon and the naticid Polinices duplicatus showed that blood mixes freely with water in the foot, but it is concentrated before reaching the mantle or ctenidium. The haemocyanin concentration in expelled fluid is never more than a third of that in the renal samples, so Mangum concluded that there must be a very efficient filter conserving the haemocyanin, probably in the kidney. This view is supported by the identification of the densely packed aggregates of haemocyanin in electron micrographs of the secondary folds of the naticid Euspira catena (Andrews, 1981 , as Lunatia).
The significance of haemocyanin aggregates in the secondary folds
The localized formation of aggregates of haemocyanin in the dorsal afferent renal vein and secondary folds of Nucella and Buccinum is further supporting evidence that the folds act both as a compensation sac and as a site of concentration of haemocyanin. The aggregates occur only when the proboscis or whole snail is retracted and they dissemble when pressure falls as blood flows back into the cephalopedal haemocoel during protraction. Presumably the ability of the aggregates, as liquid crystals, to flow like liquids, permits the smooth evacuation of the blood spaces (aided by thixotropy).
Perrier (1889) first described the existence of 'crystalloids' of unidentified protein in the papillary sac of pleurotomarioideans and trochids (also constricted spaces), and Cue´not (1914) observed similar constituents in the blood spaces of the left part of the kidney of Euspira (as Natica). The work of Mellema & Klug (1972) on the quaternary structure of haemocyanin made it possible to identify them in the TEM as chain-like aggregates of the haemocyanin molecule which assemble further into layered sheets (Andrews, 1981 (Andrews, , 1985 . It is not known whether chemical linkages exist between the macromolecules, as implied by the term 'polymer', previously used to describe them. All these sites have in common a high concentration of haemocyanin in a confined space, a relatively high pressure, oxygen tension and pH, but a low concentration of excretory products.
It is therefore concluded that formation of the aggregates is simply due to this combination of physical and chemical conditions, and that its beneficial consequence is the short-term storage of this respiratory pigment in a limited space. Taylor & Anstiss (1999) have pointed out that in Monodonta and Haliotis the left kidney is relatively so small that it could not be a significant reserve of haemocyanin, and electron micrographs have substantiated that the extent of aggregation in the papillary sac of archaeogastropods is much less than in the secondary folds of neogastropods and their equivalents in proboscidean neotaenioglossans. Aggregate formation (discussed by Bonaventura & Bonaventura, 1983) does not seem to have any respiratory function. Wood (1980) observed that chain formation did not occur in vitro below pH 8, an abnormally high value in vivo, when the other parameters referred to above may cause aggregation at lower values.
The ventral afferent renal vein and primary folds of the dorsal wall: their role in excretion and resorption of residual solutes from the urine
The ventral afferent renal vein of neogastropods carries venous blood laden with metabolites from the digestive gland and other organs of the visceral hump to the primary folds of the kidney. In 1889 Perrier recognized the excretory nature of these folds in muricids, which he regarded as typical for all 'Stenoglossa', but it was the injection experiments of Cue´not (1899) that not only established the homology of the two universal epithelial cell types on the renal folds of 'prosobranchs' but also gave clear indications as to their function. The ciliated resorptive cells, now known to capture organic solutes and store glycogen, took up and secreted ammoniacal carmine, so had a basic reaction, while contents of the vacuolated excretory cells eliminated indigo and had an acid reaction, consistent with the presence of acid phosphatase in their heterolysosomes and residual bodies (¼ excretory spherules) (Dimitriadis & Andrews, 1999) .
Cue´not (1899) observed a greater concentration of ciliated cells on the crests of the folds than the sides, which was more pronounced in Buccinum and Hinia (as Nassa) than in Nucella (as Purpura) and Murex, the vacuolated cells being restricted to the sides of the primary lamellae. The functional significance is now obvious: the resorptive cells are concentrated in the most favourable position for exposure of their apical membranes to circulating urine, whilst the excretory cells predominate over the blood spaces in the sides of the folds. Extraction of excretory products from the blood is facilitated by the large basal surface area of the excretory cells, the long thin basal processes of which greatly enhance contact with the blood, and by the concentration of numerous mitochondria in their basal cytoplasm where uric acid crystals precipitate in numerous excretory vacuoles (Andrews, 1988) .
Differences in the efferent renal veins of muricids and buccinids and their physiological significance
The superficial sinuses connecting the nephridial gland and the dorsal wall of the kidney-the 'overflow routes' that come into play when a caenogastropod such as Littorina retracts (see above) are replaced in different ways in muricids and buccinids. In Nucella the 'pressure valve' on the transverse branch of the dorsal afferent renal vein opens when the secondary folds are full, allowing blood to escape into the efferent renal vein and rectal sinus. At the highest pressures some blood may be voided through the 'blood pore' at the anterior end of the rectal sinus, as described by Fretter (1982) in Littorina. This allows the snail to withdraw completely into its shell and seal the aperture with the operculum, an important adaptation for snails living on exposed rocky shores during periods of emersion.
In Buccinum, Neptunea and Hinia the rectal sinus is a narrow channel with thick layers of collagen in its subepithelial connective tissue (Andrews, 1992) , which may be typical of buccinoideans. Dakin (1912) established that in Buccinum the main efferent route of blood from the kidney to the mantle skirt is the large 'reno-mucous' vessel (the pallial anastomosis of Brown, 1964) , which leads to hypertrophied blood spaces beneath the hypobranchial gland. They replace the reduced rectal sinus as a reservoir for blood displaced from the cephalopedal haemocoel, but there is no blood pore. The snail never seems (or is unable) to retract completely and as a consequence is intolerant of emersion. This is graphically illustrated in the Bay of Fundy, which has the biggest tidal range in the world, where the relatively few specimens of Buccinum stranded at low water soon die (Yonge, 1947; Yonge & Thompson, 1976) . The loss of this protective response to adverse conditions was probably also responsible for the poor survival rates of the experimental animals following their journey from Millport and reflects the mainly sublittoral habits of buccinoideans.
Other sites of excretion and detoxification and the effects of exposure to cadmium In L. littorea the kidney is the major site of excretion and induction of metallothioneins associated with detoxification (Mason & Nott, 1981; Bebianno, Langstone & Simkiss, 1992; Bebianno & Langstone, 1995) , but the development of carnivory in neogastropods and the consequent increase in nitrogenous excretion has introduced a shift of emphasis. The acquisition of a proboscis had a profound impact on the role of the kidney with the specialization of secondary folds as a compensation sac, whose isolation from the visceral hump markedly reduces the participation of that part of the dorsal wall in excretion. This loss may be compensated for by the development of a type of epithelial cell in the digestive gland not found in other marine caenogastropods, the role of which is yet to be established. Fretter & Graham (1962 , 1994 suggested excretion is one of several possible functions.
In addition to the possession of a retractile proboscis, the apomorphic characters of neogastropods are a second pair of salivary glands, described by Andrews (1991) , a midoesophageal gland of Leiblein and an anal gland Kantor, 2002) , all of which typically occur in muricoideans. In buccinoideans the accessory salivary glands are lost, the gland of Leiblein is reduced or absent and the anal gland, which occurs in muricoideans and conoideans (Taylor & Morris, 1988) , is also absent.
The gland of Leiblein is, amongst other things, a major site of absorption and digestion. As such it is potentially an important site for the absorption of such toxins as cadmium (Cd) (Andrews & Thorogood, 2005) . Leung & Furness (1999) investigated the relative contributions of this gland, the kidney, digestive gland and connective tissue to detoxification in Nucella by exposing the snail to sublethal doses of Cd and measuring the concentrations in the different organs during and after exposure. In snails exposed to Cd for 36 days the gland of Leiblein had the highest concentrations of Cd and metallothioneins, followed by the digestive gland, gonad and kidney. After 60 days Cd concentrations fell in the gland of Leiblein and gonad and increased in the kidney and digestive gland. Ultrastructural examination and TEM microanalysis of the renal epithelium from a sample of this group showed that while both the primary and secondary folds showed adverse effects, the greatest damage was to the resorptive cells of the secondary folds (E.B. Andrews, unpubl.) . This may reflect the double impact of high concentrations of Cd released by the gland of Leiblein into the cephalic haemocoel, with which the sinuses of the secondary folds are in direct communication, and the presence of the toxin in the urine. Leung and Furness found no evidence that any organ can regulate Cd levels in Nucella since Cd concentrations increased in all tissues throughout the study. These authors did not include the anal gland in their study, but it has been shown to be an accessory excretory organ (Fretter, 1946) and has also been implicated in detoxification (Andrews, 1992) .
The anal gland: the pattern of its distribution and functional significance
The anal gland, a diverticulum of the rectum, is undoubtedly more than an accessory excretory organ. It contains reserves of glycogen and lipids and is a major site of protein metabolism, but unlike the kidney it does not accumulate purines (Andrews, 1992) . It is well placed to extract macromolecules and cations absorbed by the gland of Leiblein which pass to the rectal sinus from the cephalic haemocoel. They are taken up in coated and uncoated vesicles by the epithelial cells where they undergo lysosomal breakdown. The residual bodies are shed into the lumen where their contents are subjected to further degradation by extracellular bacteria, suggesting that the bacteria are sulphide-oxidizing symbionts. Their metabolites are absorbed by the epithelium at a late stage in its cell cycle and they may provide a useful additional source of nutrient during the periods of starvation which Nucella regularly undergoes. The presence of similar bacteria in the anal gland of another ocenebrine, Ocenebra erinacea, suggests that the phenomenon may occur in other species with an anal gland.
It is argued that the absence of an anal gland in buccinoideans is correlated with the marked reduction or loss of the gland of Leiblein in these largely macrophagous feeders in which the foregut plays an insignificant role in absorption and digestion in the mid-gut is predominant. Purines and other metabolites from the digestive gland are abstracted by the primary folds of the kidney before the blood reaches the pallial sinuses.
Within the Muricoidea both glands are well developed in the Muricidae and both are absent in the Olivellidae and Harpidae, in which the mid-gut is the major site of absorption and digestion as in buccinoideans (Ponder, 1973) . The picture is less clear for other families of muricoideans because information about their diet and feeding habits is scant. Ponder (1973) described the Vasinae (as family Vasidae), as having a 'small to large anal gland, and a large to small gland of Leiblein', but there is no indication as to whether they coexist in the same species. The gut of Vasum muricatum, which feeds on tubiculous polychates, has a number of derived characters. The unusual gland of Leiblein is bilobed and large, but the anal gland is minute (Medinskaya, Harasewych & Kantor, 1996) . In some coralliophilines too, there is a large gland of Leiblein, but not all have an anal gland. Strong (2003) described a unique condition in the cancellariid Panarona clavatula ( possibly specialized for suctorial feeding), in which the anal gland opens along its whole length to the rectum and a long narrow strip in the mid-oesophagus is possibly the homologue of the gland of Leiblein.
An anal gland is known to occur in some conoideans in which the venom gland is voluminous and the foregut appears to be involved in absorption (Kantor & Taylor, 2002) . The members of the Marginellidae and Conidae described by Strong (2003) also have an anal gland, a capacious foregut and small stomach, suggesting that there may be absorption of nutrients in the foregut. In the marginellid Prunum apicinum the anal gland is atypical in that it opens directly to the mantle cavity and it is highly variable or absent in other members of the family (Strong, 2003) .
Since an anal gland occurs in some species without a gland of Leiblein (in many of which the venom gland is its homologue), its presence seems to be correlated in them with a feeding method in which there is partial external digestion of food, much of which is absorbed in the foregut. It was argued by Andrews & Thorogood (2005) that the very possession of a gland of Leiblein (and a simple stomach) indicates that food is ingested in a fluid semi-digested state and Lau & Leung (2004) independently posed the question 'does Nucella eat soup?'. If this is so, it provides a functional link between the state of the food at ingestion and all the autapomorphic characters of neogastropods.
The occurrence of pycnonephridian and meronephridian kidneys in different families of neogastropods and carnivorous Neotaenioglossa
The significance of the meronephridian and pycnonephridian arrangement of the two sets of renal folds-separate in the former, interdigitated in the latter-is yet to be explained. Most neogastropods are pycnonephridian, although some in Thiele's original family Volutacea are meronephridian (Ponder, 1973) . The use of these terms had previously been restricted to neogastropods, but Strong (2003) appropriately also applied them to carnivorous neotaenioglossans, which have similarly 'differentiated' folds in the kidney. Ponder (1973) noted that there is no obvious evolutionary trend in their disposition in different families of neogastropods and that they show some interdigitation even in the meronephridian types he examined. This may explain the discrepancy between his interpretation , in which he described conoideans as meronephridian, and that of Strong (2003) , who described the kidney of Conus jaspideus as pycnonephridian. Based on the information available it appears that in neogastropods the more compact pycnonephridian arrangement occurs in species in which the shape of the shell is not highly modified, and is generally taken to be ancestral. It may also reflect the following variables: the space available at the junction of the mantle skirt and visceral hump; the size of the headfoot, which has to be accommodated when the snail retracts into the shell; the volume of blood displaced on retraction of the proboscis or whole animal and consequently the relative size of the secondary folds.
In so far as is known, members of a single family fall into one or other category, with the exception of the muricoidean Turbinellidae in which only the subfamily Vasinae are meronephridian. Amongst other muricoideans known to have meronephridian kidneys are the Mitridae, Volutidae, Olividae and Marginellidae (Ponder, 1973 . The Conoidea are also meronephridian , but with the exception of the Columbellidae the Buccinoidea are pycnonephridian.
With the exception of the Vasinae, the only consistent feature in this assemblage of families with a meronephridian kidney is a highly modified shell shape with a long narrow aperture, which in some runs the length of the shell. Details as to the precise location of the two lobes of the kidney are scant in the literature, though Marcus & Marcus (1959 reported that in the Olividae and Columbellidae the secondary folds (as the 'anterior lobe') lie in the mantle skirt. The long axis of the headfoot in most is almost at right angles to the long axis of the shell, which presumably distorts the posterior right part of the mantle skirt and base of the visceral hump. The two regions of the kidney must then be drawn apart, with the secondary folds maintaining their connection with the anterior end of the body and lying anterior to the primary folds, which retain their intimate contact with the visceral hump.
The size of the proboscis and the space available in the cephalic haemocoel or other parts of the body might also be expected to be correlated with the volume of the secondary folds. In the marginellid Prunum apicinum for example, the secondary folds occupy a small area on the anterior wall of the kidney (Strong, 2003) . This suggests that they have little importance as a compensation sac in this species. The homologue of the gland of Leiblein is a long narrow poison gland, the snail lacks an operculum and the mantle spreads over the shell, which removes constraints on accommodating displaced blood on retraction of the snail.
Meronephridian proboscidean neotaenioglossans
The possession of two types of kidney folds in those families of carnivorous neotaenioglossans with a proboscis and a highly developed foregut (Fretter & Graham, 1981 , 1994 Strong, 2003 ) is further evidence not only that the condition is correlated with the development of a proboscis, but also that it can be correlated with shell shape. Both naticids and tonnoideans such as Tonna have a globose body whorl and an almost semicircular shell aperture, providing sufficient space for the primary and secondary folds to be accommodated at the base of the visceral hump without interdigitating. In velutinids, cypraeids and cassids the large body whorl is combined with a narrow elongated shell aperture set almost at 908 to the headfoot and as in neogastropods with a similar shell shape, the secondary folds occupy an anterior lobe that invades the mantle skirt. It is therefore concluded that the development of the secondary folds and their disposition in relation to the primary folds of the kidney reflect their functional connection with the proboscis and with shell shape, but not necessarily close phylogenetic relationship.
Implications for the origin and adaptive radiation of proboscidean caenogastropods
In a major review of the morphological characters of caenogastropods for cladistic phylogenetic analysis, Strong (2003) found a highly mosaic pattern in mid-gut anatomy and to a lesser extent in the renopericardial and vascular systems which, on the basis of her observations, 'demonstrated an underlying phylogenetic, rather than functional, signal' (Ponder et al., 2008) . However, some of her observations on the afferent veins of the nephridial gland and vascular folds of the kidney, together with earlier interpretations of the system in accounts which predated or made limited use of modern technology, raise questions from both a functional and phylogenetic perspective, as summarized below.
A consistent pattern, as distinct from a mosaic, has emerged in the structure and function of the renopericardial and blood systems of neogastropods and basal marine caenogastropods that can be traced back to 'archaeogastropods' (i.e. Vetigastropoda; Fretter et al., 1998) . The comparative anatomy of the renal and visceral veins of trochids and littorinids suggests their homology in these two groups, and the implications for the possible ancestry of caenogastropods were addressed by Fretter & Graham (1962 , 1994 . It is now recognized that the septum and muscles controlling access from the cephalopedal haemocoel to the afferent renal vein in Nucella so closely resemble those of Littorina as to suggest their homology in neogastropods too. Fretter and Graham deduced that access to the vein in Littorina is under valvular control, which implies that even in these basal caenogastropods the kidney may accommodate the relatively small amount of blood displaced from the cephalopedal haemocoel on retraction of the snout or whole body, a mechanism later exploited in several different lineages that developed a proboscis.
While subsequent work has consolidated most of the earlier conclusions of Fretter & Graham (1962 , 1964 , an ultrastructural study of the excretory system in 'archaeogastropods' (Andrews, 1985) indicated that the relationship between the heart, nephridial gland and kidney should be reexamined. The later studies discussed above that led to a revision of views on the structure and function of the gland and its veins in marine caenogastropods also necessitated a reconsideration of some of the earlier conclusions of Andrews and Little (summarized by Andrews, 1981 Andrews, , 1988 on its possible homology and fate in species that have invaded estuarine, freshwater and terrestrial habitats (E.B. Andrews, unpubl.) . The inferences as to the ancestry of these groups and their relationships with other caenogastropods are consistent with the views and the clado-evolutionary classification of Haszprunar (1988) and the most recent summary by Ponder et al. (2008: fig. 13.17) . Strong (2003) used variations in the anatomy and blood supply of the nephridial gland as one character state in her analysis of the renopericardial system and observed that the gland receives blood from an afferent renal vein in two herbivorous caenogastropods, both defined as basal: the freshwater rissooidean Bithynia tentaculata (which it has not been possible to confirm from serial sections; E.B. Andrews, unpubl.) , and the proboscidean Strombus mutabilis. These findings negate the functional principle of tidal flow of blood between the auricle and nephridial gland vein, and demonstrate the existence of inherent inefficiencies in the system. Strombids also appear to be unusual among proboscideans in that the kidney is reported to have undifferentiated folds. Although their acrembolic proboscis probably arose independently from the similar type in the carnivorous cypraeids and naticids, it appears to operate in a similar way and might therefore be expected to have the same functional requirement of a compensation sac in the kidney. For these reasons, a closer examination of the fine structure of the kidney of stromboideans, which could illuminate both functional and phylogenetic questions, is justified.
Stromboidea: atypical proboscideans or unrecognized examples of homoplasy?
Both the Struthiolariidae and the Strombidae in the superfamily Stromboidea possess an acrembolic proboscis, but the more typical shape of the high-spired shell and oval aperture in struthiolariids makes their anatomy easier to interpret than that of the highly modified strombids. The renopericardial system clearly resembles that of a caenogastropod such as Littorina in that it undoubtedly has a nephridial gland in the typical position in the pericardial wall (Morton, 1956) , although according to the convention of the time, Morton took the nephridial gland vein, on the pericardial side of the kidney and opening to the anterior end of the auricle, to be an efferent vein of the kidney. Morton's (1956) observations raise further doubts about the correct identification of the gland in Strombus. Strong's (2003) description of both the gland and the kidney of a preserved specimen of Strombus mutabilis confirmed that of Little (1965) on S. gigas. According to both authors the nephridial gland lies (atypically) on the left part of the dorsal wall of the kidney separate from the pericardium. It is partially separated by an invasive loop of the intestine from the excretory folds on the right, which it more closely resembles. According to Little, it bears 'very fine anastomosing leaflets' as distinct from the openings of tubular evaginations from the kidney into the pericardial wall that typify the gland. A left branch of the afferent renal vein supplying this area contains prebranchial blood that has bypassed the kidney. If this entered the heart it would adulterate arterial blood with deoxygenated blood still laden with excretory products, as noted by Strong (2003) .
The vascular folds of the kidney of Struthiolaria are, however, atypical. Morton (1956) identified two distinct sets of renal folds, separated by the rectum, each with its own afferent vein. The right folds constitute a renal portal system with a reticulate mesh of filaments like the undifferentiated kidney of a basal caenogastropod such as Littorina, while the larger left set shows a regular 'monopodial branching' of veins. In the light of subsequent studies, the existence of two such distinct types of fold in this proboscidean snail must draw attention to the possibility that this is correlated with the possession of a proboscis.
Unlike Morton's (1956) recognition of two sets of kidney folds in Struthiolaria, neither Little (1965) nor Strong (2003) drew such a distinction in Strombus. Yet they both described and illustrated approximately five lobular 'secretory masses' attached to the right side of the floor of the kidney in Strombus, the blood supply of which Little described as the right branch of the afferent renal vein. These lobules are markedly different from the shallow excretory folds on the roof of the kidney. They bear a striking superficial resemblance to the secondary renal folds in derived species, raising the possibility that they too act as a compensation sac for blood on retraction of the proboscis and head. Their unusual position may be explained by the atypical contortion of the base of the visceral hump and overlying kidney at the junction with the head/foot. This is accompanied by the angulation of the narrow aperture of the shell and displacement of the head to the left, with the result that the lobular masses in the kidney lie diagonally opposite the proboscis in an appropriate position to receive blood on its retraction.
Possible evolution of proboscides and their operating mechanisms
The potential to develop a proboscis that allowed exploitation of otherwise inaccessible food of whatever type seems to have existed at the vetigastropod/caenogastropod boundary. The evidence given above, that access from the cephalopedal haemocoel to the vascular folds of the kidney is under neuromuscular control in trochids and basal caenogastropods, suggests that the mechanism preadapted some of their caenogastropod descendants for the elongation of the snout into a retractile proboscis, accompanied by further specialization of the kidney.
The minute parasitic opisthobranch pyramidellids are a natural 'control' group in the debate as to the value of functional considerations in phylogeny, since during their evolution from early caenogastropods the kidney came to occupy the posterior part of the mantle skirt, and it is primarily a respiratory organ dissociated from the activities of the acrembolic proboscis (Fretter & Graham, 1949; Haszprunar, 1985) . The former authors described the resultant extensive modifications for the operation of the proboscis, which illustrate the profound effects of its functional requirements on the blood system. The proboscis retractor muscles are inserted high on the spire of the shell and the greatly enlarged visceral haemocoel provides a new compensation sac that receives blood on proboscis retraction. A vessel leading from the visceral to the cephalopedal haemocoel is a functional replacement for an anterior aorta-an arrangement that protects the heart from excessive pressure during this process. Blood surges through it to the cephalopedal haemocoel on the extension of the proboscis. A second vessel from the visceral haemocoel leads to the pallial sinuses in roof of the mantle cavity. They connect with a series of corrugated vascularized folds in the kidney which open to the main efferent pallial vein and heart, supplying the visceral hump with oxygenated blood. The activity of muscles of the proboscis and the rest of the body has largely taken over the pumping action of the heart. It lies in its pericardial cavity surrounded by the visceral haemocoel; the nephridial and blood glands are absent, no longer required as a compensation sac for the lost ctenidium.
Numerous granulated blood cells that appear to be phagocytes with a major excretory role occur in the heart and blood vessels, particularly those of the mantle skirt through which they discharge their contents. They compensate for the loss of the blood gland and changed role of the kidney.
Most proboscidean caenogastropods, other than the ciliarymucous feeding struthiolariids and grazing strombids, are carnivores that probably arose in different offshoots of early 'prosobranchs' from detritivores whose food included sessile animals (Graham, 1985) . Perhaps one of the first steps accompanying the transformation of a kidney with undifferentiated lamellae into one in which the secondary folds are a specialized compensation sac was the formation of the partition at the base of the afferent renal vein to segregate the blood streams from the headfoot and visceral vein, as in Nucella. The position and interrelationships of the two types of fold varied in different groups, according to other factors, such as the shape and orientation of the shell, and mode of life such as burrowing.
The indications are that neogastropods arose from such detritivores, whose diet and feeding mechanisms diversified and gave rise to the variety of types of proboscis that the group displays. This is consistent with the arguments of Kantor (2002) that the ancestral neogastropods had a short proboscis with a basal buccal mass and that the long pleurembolic type in muricids and buccinids is the most derived. It is therefore argued that parallel evolution in tonnoideans and neogastropods culminated in their possession of somewhat different types of long pleurembolic proboscis and analogous adaptations in the kidney.
